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(54) Tide: ROTATING ELECTRIC MACHINE AND A BRACING DEVICE FOR SUCH A MACHINE 



(57) Abstract 

The stator winding in a rotating electric 
machine is provided with a bracing device (120). 
The stator (106) has radial slots (1 1 1) to receive 
the winding cables (101). The winding forms 
layers at different radial distances from the air 
gap (108) between the rotor (107) and the stator 
(106). The part of a cable (101) that passes to 
and fro one through the stator (106) between 
different layers constitutes a coil (113) with 
an arc-shaped coil end protruding from each 
end surface (114) of the stator (106). The 
cable consists of high-voltage cable (101). The 
substantially radial and axial spaces (118 and 
119, respectively) existing between the coils 
(113) contain an electrically insulating bracing 
device (120). The latter consists of plates (121) 
of non-conducting material that extend through 
axial spaces (119) between the coils (113) and 
are radially clamped to the coils (113) by means 
of bolts (122) of non-conducting material. The 
bolts (122) extend through radial spaces (118) and 
are secured in a bracing fixture (123) emanating, 
for instance, from the stator body (124). 
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ROTATING ELECTRIC MACHINE AND A BRACING DEVICE FOR SUCH 
A MACHINE 



The invention relates to a rotating electric machine of 
the type described in the preamble to claim 1 and to a 
bracing device for such a machine. 

The present invention belongs to the area of rotating 
electric machines such as synchronous machines and du- 
al-fed machines, applications in asynchronous static 
current converter cascades, outer pole machines and 
synchronous flow machines, and is intended for use at 
high voltages. High voltages shall be understood here 
to mean electric voltages in the first place in excess 
15 of 10 kV. A typical operating range for the machine 
according to the invention may be 36 to 800 kV. 



10 



The problem addressed by the invention has been accen- 
tuated in a high-voltage electric alternating current 

20 machine intended primarily as generator in a power sta- 
tion for generating electric power. Similar machines 
have conventionally been designed for voltages in the 
range 6-30 kV, and 30 kV has normally been considered 
to be an upper limit. This generally means that a ge- 

25 nerator must be connected to the power network via a 
transformer which steps up the voltage to the level of 
the power network, i.e. in the" range of approximately 
130-400 kV. 

30 Normally all large generators are provided with two- 
layer windings and coils of the same size. Each coil 
is placed with one side in one layer and the other side 
in the second layer. All coils thus cross each other 
in the coil ends. According to conventional technique, 
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the stator windings are relatively stiff and are con- 
nected at the coil ends. 

A conductor is known through US 5,036,165, in which the 
insulation is provided with an inner and an outer layer 
of semiconducting pyrolized glassfiber. It is also 
known to provide conductors in a dynamo-electric machi- 
ne with such an insulation, as described in 
US 5,066,881 for instance, where a semiconducting pyro- 
lized glassfiber layer is in contact with the two pa- 
rallel rods forming the conductor, and the insulation 
in the stator slots is surrounded by an outer layer of 
semiconducting pyrolized glassfiber. The pyrolized 
glassfiber material is described as suitable since it 
retains its resistivity even after the impregnation 
treatment. 

The object of the present invention relates to a rota- 
ting electric machine for high voltages. According to 
the invention, the winding consists of high voltage 
cables . 

In such high-voltage machines the stator slots in which 
the coils are situated are considerably deeper and ty- 
pically have 10-12 or up to 18, and in certain cases 
even more winding layers. The number of coil ends is 
thus large, with many intersections. This not only 
confuses the winding operation and makes for bulky 
coil-end packages that may protrude into the air gap 
between stator and rotor, but also increases the risk 
of wear at all intersection points between the coils 
since they vibrate during operation. 



More specifically, the object of the present invention 
is to solve this problem of the large coil-end packages 
and minimize wear between the winding coils. This ob- 
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ject is achieved by giving the stator winding according 
to the invention the features defined in the characte- 
rizing portion of claim 1. 

5 By the bracing means, a sufficient fixation of the coil 
end arcs of the high voltage cable is attained. 

According to a preferred embodiment of the invention, 
the fixation is such that the coil end arcs are main- 
10 tained outside the innermost part of the stator. There- 
by the coil end arcs do not form an obstacle for the 
axial mounting of the rotor in the stator. 

According to further preferred embodiments of the inno- 
15 vation, the bracing means are either conductive or in- 
sulating . 

Further advantageous realisations of the construction 
of the bracing means are specified as advantageous "em- 
20 bodiments of the invention in further dependent claims. 

Further dependent claims' also specify advantageous em- 
bodiments of the structure of the cable as discussed 
below. 

25 

By using high-voltage insulated electric conductors, in 
the following termed high-voltage cables, with solid 
insulation similar to that used in cables for transmit- 
ting electric power (e.g. XLPE cables) the voltage of 
30 the machine can be increased to such levels that it can 
be connected directly to the power network without an 
intermediate transformer. The conventional step-up 
transformer and a high-current breaker can thus be eli- 
minated, resulting in lower total plant cost. 
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The invention is in the first place intended for use 
with a high-voltage cable of the type built up of a co- 
re having a plurality of strand parts, an inner semi- 
conducting layer surrounding the core, an insulating 
layer surrounding the inner semiconducting layer, and 
an outer semiconducting layer surrounding the insula- 
ting layer, and its advantages are particularly prono- 
unced here. The invention refers particularly to such 
a cable having a diameter within the interval 20-200 mm 
and a conducting area within the interval 80-3000 mm 2 . 
Such applications of the invention thus constitute pre- 
ferred embodiments thereof. 

With the device according to the invention the windings 
are preferably composed of cables of a type having so- 
lid, extruded insulation, such as those used nowadays 
for power distribution, e.g. XLPE-cables or cables with 
EPR-insulation. Such a cable comprises an inner con- 
ductor composed of one or more stand parts, an inner 
semiconducting layer surrounding the conductor, a solid 
insulating layer surrounding this and an outer semicon- 
ducting layer surrounding the insulating layer. Such 
cables are flexible, which is an important property in 
this context since the technology for the device accor- 
ding to the invention is based primarily on winding 
systems in which the winding is formed from cable which 
is bent during assembly. The flexibility of a XLPE- 
cable normally corresponds to a radius of curvature of 
approximately 20 cm for a cable 30 mm in diameter, and 
a radius of curvature of approximately 65 cm for a cab- 
le 80 mm in diameter. In the present application the 
term "flexible" is used to indicate that the winding is 
flexible down to a radius of curvature in the order of 
four times the cable diameter, preferably eight to 
twelve times the cable diameter. 



4 
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The winding should be constructed to retain its proper- 
ties even when bent and when subjected to thermal 
stress during operation. It is vital that the layers 
retain their adhesion to each other in this context. 
5 The material properties of the layers are decisive he- 
re, particularly their elasticity and relative coeffi- 
cients of thermal expansion. In a XLPE-cable, for in- 
stance, the insulating layer consists of cross-linked, 
low-density polyethylene, and the semiconducting layers 

10 consist of polyethylene with soot and metal particles 
mixed in. Changes in volume as a result of temperature 
fluctuations are completely absorbed as changes in ra- 
dius in the cable and, thanks to the comparatively 
slight difference between the coefficients of thermal 

15 expansion in the layers in relation to the elasticity 
of these materials, radial expansion can take place 
without the adhesion between the layers being lost. 

The material combinations stated above should be cShsi- 
20 dered only as examples. Other combinations fulfilling 
the conditions specified and also the condition of 
being semiconducting, i.e. having resistivity within 
the range of 10"" 1 -10 6 ohm-cm, e.g. 1-500 ohm-cm, or 
10-200 ohm-cm, naturally also fall within the scope of 
25 the invention. 

The insulating layer may consist, for example, of a so- 
lid thermoplastic material such as low-density polyet- 
hylene (LDPE), high-density polyethylene (HDPE) , po- 
30 lypropylene (PP) , polybutylene (PB) , polymethyl pentene 
(PMP) , cross-linked materials such as cross-linked po- 
lyethylene (XLPE) , or rubber such as ethylene propylene 
rubber (EPR) or silicon rubber. 
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6 

The inner and outer semiconducting layers may be of the 
same basic material but with particles of conducting 
material such as soot or metal powder mixed in. 

The mechanical properties of these materials, particu- 
larly their coefficients of thermal expansion, are af- 
fected relatively little by whether soot or metal 
powder is mixed in or not - at least in the proportions 
required to achieve the conductivity necessary accor- 
ding to the invention. The insulating layer and the 
semiconducting layers thus have substantially the same 
coefficients of thermal expansion. 

Ethylene-vinyl-acetate copolymers /nitrile rubber, butyl 
graft polyethylene, ethylene-butyl-acrylate-copolymers 
and ethylene-ethyl-acrylate copolymers may also consti- 
tute suitable polymers for the semiconducting layers. 

Even when different types of material are used as base 
in the various layers, it is desirable for their coef- 
ficients of thermal expansion to be substantially the 
same. This is the case with combination of the materi- 
als listed above; 

The materials listed above have relatively good elasti- 
city, with an E-modulus of E<500 MPa, preferably 
<200 MPa. 

The elasticity is sufficient for any minor differences 
between the coefficients of thermal expansion for the 
materials in the layers to be absorbed in the radial 
direction of the elasticity so that no cracks appear, 
or any other damage, and so that the layers are not re- 
leased from each other. The material in the layers is 
elastic, and the adhesion between the layers is at le- 
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ast of the same magnitude as the weakest of the materi- 
als . 

The conductivity of the two semiconducting layers is 
sufficient to substantially equalize the potential 
along each layer. The conductivity of the outer semi- 
conducting layer is sufficiently great to enclose the 
electrical field in the cable, but sufficiently small 
not to give rise to significant losses due to currents 
induced in the longitudinal direction of the layer. 

Thus, each of the two semiconducting layers essentially 
constitutes one equipotential surface and the winding, 
with these layers, will substantially enclose the 
electrical field within it. 

There is, of course, nothing to prevent one or more ad- • 
ditional semiconducting layers being arranged in the 
insulating layer. 

The invention will be explained in more detail in the 
following with reference to the accompanying drawings 
in which 

Figures 1 shows a cross section through a cable used in 
conjunction with the invention, 

Figures 2 shows part of one end of a stator with a plu- 
rality of coil ends protruding from its end 
surface, only a few of such coils having been 
drawn in, 

Figure 3 shows in radial section one half of an alter- 
nating current generator with a stator winding 
according to the invention, 

Figures 4 shows, seen radially from the air gap, a 
coil-end package in which a bracing device ac- 
cording to the invention is used, 
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Figure 5 shows the same coil-end package seen in axial 
direction towards the stator, 

Figure 6 shows a bracing device according to the in- 
vention in axial section through a coil-end 
package, 

Figure 7 shows a view from above of a plate included 

in the bracing device. 
Figure 8 shows a schematic side view of parts of the 

machine, and 

Figure 9 is a view similar to that of fig. 6, but 
showing a modified embodiment. 



Figure 1 shows a cross section through a cable 101 used 
in the present invention. The cable 101 is composed of 
15 a conductor 102 having circular cross section and made 
of copper, for instance, and consisting of a number of 
strand parts. This conductor 102 is arranged in the 
middle of the cable 101 and around the conductor is a 
first semiconducting layer 103. Around the first semi- 
conducting layer 103 is an insulating layer 104, e.g. 
XLPE-insulation, and around the insulating layer 104 is 
a second semiconducting layer 105. In this case, the- 
refore, the cable does not include the outer protective 
sheath that normally surrounds such a cable for power 
25 distribution. The cable may be in the order of magni- 
tude stated in the introduction. 



20 



30 



35 



Figure 3 shows a section taken diametrically through 
one half of a high-voltage generator with a stator 106, 
a rotor 107 with an air gap 108 between them. Figure 2 
shows the inner surface 109 of the stator, facing tow- 
ards the air gap 108. The stator 106 has inwardly di- 
rected stator teeth 110 defining between them radial 
slots 111 to receive winding cables 101. The winding 
thus forms a large number of layers through the deep 
slots 111 which, in the example shown, have place for 
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twelve cables, each in its own enlargement 112 in the 
slots 111. The term "layers of the winding" here re- 
fers to layers at different radial distance from the 
central axis of the stator. "Stratum", however, refers 
5 to strata of the winding at different axial distances 
from the end surfaces of the stator. 

Figure 2 shows how the cable 101 forms coils 113 pas- 
sing axially to and fro through the stator 106 and for- 

10 ming arc-shaped coil-ends outside the end surfaces 114 
of the stator. A coil thus consists of a turn of the 
cable through the stator. A coil group comprises the 
winding for one phase. The part of a coil group situa- 
ted in one and the same winding layer and whose coil- 

15 ends are situated in different strata is termed here a 
"coil group part". 

Contrary to previously known multi-strata stator win- 
dings, the coils 113 according to the invention are ar- 

20 ranged so that they do not cross each other in the same 
coil group part. Figure 2 shows a group part consis- 
ting in this case of four coils 113a, 113b, 113c and 
113d, arranged to lie axially one outside the other 
with substantially coinciding centres. Since coil 113a 

25 has larger diameter than coil 113b, which in turn has 
larger diameter than coil 113c, which in turn has lar- 
ger diameter than coil 113d, these coils do not cross 
or come into contact with each other. The number of 
slots 111 bridged by each coil before it enters the 

30 stator again thus varies within the group part. I.e. 
coil 113d bridges the least number of slots and coil 
113a the greatest number of slots. 

Winding is performed, furthermore, so that the cable in 
35 the coil at the transition from the first slot in one 
direction to the second slot in the opposite direction 
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changes places in the slot to the winding layer situa- 
ted nearest to the adjacent one outside it. The situa- 
tion is the same upon its return to the first slot. 

An example of such a winding is revealed in Figure 4, 
showing the coil-end package seen radially outwards 
from the air gap between rotor and stator. As is cle- 
ar, the coil group parts are in this case arranged so 
that alternate coil group parts 116 pass radially insi- 
de the next adjacent coil group 117. This winding, 
known as stepped lap winding, greatly reduces the radi- 
al extension of the coil-end package. Furthermore, as 
can be seen in Figure 4, radial spaces are formed. Fi- 
gure 5, showing the axial end of the coil-end package, 
shows that axial spaces are also formed. These radial 
and axial spaces can be utilized in advantageous manner 
to brace the coil-end package in order to vibrations 
during operation, and thus wear between the cables in 
the end package. 

In an axial section through a coil-end package Figure 6 
shows a bracing device 120 according to the invention. 
It consists of plates 121 inserted through the axial 
spaces 119 between the coils 113. The plates 121 are 
supported and secured by two bolts 122 inserted in the 
radial spaces between the coils 113. The plates 121 
and bolts 122 are made of electrically non-conducting 
material and are secured in a bracing fixture 123 ema- 
nating, for instance, from the stator body 124 or the 
pressure plates on the stator. The plates 121 are pro- 
vided with two recesses 125, 126 to receive bolts 122. 
These recesses are open from the edge of the plate to 
allow them to be fitted around respective bolts 122. 
Assembly is facilitated since the recesses 125 and 126 
are substantially perpendicular to each other. The 
plates 121 are compressed against the coils 113, one 
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after the other, with the aid of nuts 127 in threaded 
engagement with the bolts 122. 

In order to prevent the cables being subjected to too 
5 high a surface pressure, cable against cable or cable 
against plate, an easily mouldable compound is inserted 
between the cables and between the cables and the pla- 
tes. The compound is then cured and forms an element 
that distributes the pressure uniformly and prevents 
10 wear upon vibration. The compound may also be used to 
insulate the cables from each other, or alternatively 
to have a specific electrical contact with each other. 



The invention is of course not limited to the stepped 
15 lap winding described above, but is applicable to any 
winding with axial and radial spaces. 

Figure 8 illustrates schematically how the device ac- 
cording to the invention facilitates mounting of the 

20 rotor R into the stator S. The coil end arcs are shown 
as A in this figure. They are prevented by the bracing 
device from extending into the area X to the right of 
line L in the figure, but are maintained on the left 
side thereof. Thus, the rotor may be introduced into 

25 the stator in the direction of the axial arrow P 
without being obstructed by the coil ends A. 

Figure 9 illustrates how a soft dampening layer 221 can 
be provided at the surface of the plates 121 and abut- 
30 ting the cables 101. The layer 221 is preferably con- 
ductive and may be grounded, e.g. by a grounding braid. 
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CLAIMS 



1 * A rotating electric machine having rotor, sta- 

tor (106) and stator windings (101), the stator wind- 

5 ings forming coil end arcs (113) at the axial ends of 
the stator (106), characterized in that the windings 
include high voltage cable (101) and that bracing means 
are provided at the coil end arcs (113) at at least one 
end of the stator (106) to attain . fixation of the coil 

0 end arc (113) . 



5 



xm 



2. " A rotating electric machine according to clai... 
1, characterized in that the coil end arcs (113) at 
said at least one end are fixed to be located radially 
outside the innermost part of the stator (106). 

3. A rotating electric machine according to claim 
1 or 2, characterized in that the bracing means (120) 
form axial and radial spaces between the coil end arcs 
(113) . 

4- A rotating electric machine according to any of 

claims 1-3, characterized in that the bracing means 

(120) is electrically insulated and comprises plates 

(121) of non-conductive material. 

5. A rotating electric machine according to any of 
claims 1-3, characterized in that the bracing means 
(120) is of electrically conductive material and comp- 
rises plates (121) . 

6. A rotating electric machine according to claim 
4 or 5, characterized in that the plates (121) extend 
through axial spaces (119) between the coil end arcs 
(113) and are radially clamped to the coil end arcs 
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(113) by radial bolts (122) extending through radial 
spaces (118) . 

7 - A rotating electric machine according to claim 
5 6, characterized in that the bolts (122) are of non- 
conductive material. 

8 - A rotating electric machine according to claim 
6, characterized in that the bolts (122) are of conduc- 

10 tive material. 

9v A rotating electric machine according to any 

of claims 6-8, characterized in that the bolts (122) 
are secured in a bracing fixture (123) emanating from 
15 the stator body 124. 

10. A rotating electric machine according to any of 
claims 6-9, characterized in that the plates (121) are 
provided with at least two recesses (125, 126) to 

20 ^ receive said bolts (122) . 

11. A rotating electric machine according to claim 
10, characterized in that the number of recesses (125, 
126) is two. 



25 



30 



35 



12. A rotating electric machine according to claim 
10 or 11, characterized in that said recesses (125, 
12 6) are open from the edge of the plate (121) to allow 
them to be fitted around each respective bolt (122), 
the recesses (125, 126) being substantially perpendicu- 
lar to each other in order to facilitate assembly. 

13. A rotating electric machine according to any of 
claims 1-12, characterized in that the stator (106) has 
radial slots (111) to receive the conductors (101) of 
the winding in layers at different radial distances 
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from the air gap (108) between the rotor (107) and the 
stator (106), wherein the part of a conductor (101) 
that passes to and fro once through the stator (106) 
between different layers constitutes a coil (113) with 
5 an arc-shaped coil end protruding from each end surface 
(114) of the stator (106) and wherein substantially ax- 
ial and radial spaces (118 and 119, respectively) exist 
between the coils (113) . 

10 14 * A rotating electric machine as claimed in any 

of claims 1-13, characterized by a pressure- 
distributing, wear-preventing, curable compound between 
the cables (101), and between the cables (101) and the 
plates (121). 

15 

15. A rotating electric machine as claimed in any 

of claims 1-14, characterized in that the high- voltage 
cable (101) comprises a core (102) having a plurality 
of strand parts, an inner semiconducting layer (103) 
surrounding the core (102), an insulating layer (104) 
surrounding the inner semiconducting layer, and an ou- 
ter semi-conducting layer (105) surrounding the insula- 
ting layer. 

25 16 * A device as claimed in claim 15, characterized 

in that the high-voltage cable (101) has a diameter 
within the interval 20-200 mm and a conducting area 
within the interval 80-3000 mm 2 . 

30 17 * A device as claimed in any of claims 15-16, 

characterized in that the winding is flexible and comp- 
rises an electrically conducting core surrounded by an 
inner semiconducting layer, an insulating layer of so- 
lid material surrounding the inner semiconducting lay- 

35 er, and an outer semi-conducting layer surrounding the 



20 
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insulating layer, which layers are in contact with each 
other . 

18. A device as claimed in claim 17, characterized 
in that said layers consist of materials with such 
elasticity and such a relation between the coefficients 
of thermal expansion of the materials that the changes 
in volume in the layers caused by temperature fluctua- 
tions during operation are absorbed by the elasticity 
of the materials so that the layers retain their adhe- 
sion to each other at the temperature fluctuations oc- 
curring during operation. 

19. A device as claimed in claim 17 or claim 18, 
15 characterized in that the materials in said layers have 

high elasticity, preferably with an E-modulus less than 
500 MPa, most preferably less than 200 MPa. 

20. A device as claimed in any of claims 17-19, 
20 characterized in that the coefficients of thermal ex- 
pansion for the materials in said layers are of sub- 
stantially the same magnitude. 



25 



30 



21. A device as claimed in any of claims 17-18, 

characterized in that the adhesion between the layers 
is of at least the same magnitude as in the weakest of 
the materials. 

22 • A device as claimed in any of claims 17-19, 

characterized in that each of the semiconducting layers 
essentially constitutes one equipotential surface. 

23. A bracing device for use in a rotating electric 

machine according to any of claims 1-22, characterized 



WO 98/34327 



PCT/SE98/00179 



16 

in that the bracing device includes the features of the 
bracing device of claim . 



THiS PAGE BLANK (uspto) 



WO 98/34327 



PCT/SE98/00179 




SUBSTITUTE SHEET (RULE 26) 




THIS PAGE BLANK (usfto) 



WO 98/34327 



PCT/SE98/00179 



2/5 
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